March 11, 2009 
(Corrected.) 



OU-HET 620/2008 



Yukawa Couplings and Effective Interactions 
in Gauge-Higgs Unification 



Yutaka Hosotani and Yoshikazu Kobayashi 

Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan 



Abstract 

The wave functions and Yukawa couplings of the top and bottom quarks in the 
SO (5) x U(l) gauge-Higgs unification model are determined. The result is summa- 
rized in the effective interactions for 0h{x) = Oh + H(x)/ fn where Oh is the Wilson 
line phase and H(x) is the 4D Higgs field. The Yukawa, WWH and ZZH couplings 
vanish at Oh = W. There emerges the possibility that the Higgs particle becomes 
stable. 



In the standard model of electroweak interactions the electroweak (EW) symmetry is 
spontaneously broken by the Higgs field, the mechanism of which is yet to be scrutinized 
and confirmed by experiments. The Higgs particle is expected to be found at LHC in the 
coming years. It is not clear at all, however, if the Higgs particle appears as described 
in the standard model. It is often argued from a theoretical point of view that the natu- 
ralness and stability against radiative corrections to the Higgs field indicate the existence 
of supersymmetry underlying the nature. Other scenarios with the naturalness have also 
been proposed, among which are the little Higgs theory, the Higgsless model, and the 
gauge-Higgs unification scenario. [H [2j [3] 

Recently there has been significant progress in the gauge-Higgs unification scenario in 
which the 4D Higgs field is identified with a part of the extra-dimensional component of 
gauge fields in higher dimensions. [4"]- [3"T] The Higgs field appears as an Aharonov-Bohm 
(AB) phase, or a Wilson line phase, in the extra dimension, thereby the EW symme- 
try being dynamically broken by the Hosotani mechanism. [61 [7J [8] The SO (5) x U(l)x 
gauge-Higgs unification model in the Randall-Sundrum (RS) warped space-time has been 
extensively studied to give definitive predictions. [9]- [15] 

The nature of the Higgs field as an AB phase plays a decisive role here. Let us denote 
the Wilson line phase along the extra dimension by Oh- The effective potential V c s(0h) 
becomes finite at the one loop level thanks to the AB phase nature of Oh- The neutral 
Higgs field H(x) corresponds to four-dimensional fluctuations of Oh- It immediately follows 
that the Higgs mass, related to the curvature of V e g at the minimum, is predicted at a finite 
value, once the matter content of the theory is specified. Another distinctive prediction is 
obtained for the Higgs couplings to W and Z. In the RS warped spacetime the WWH 
and ZZH couplings are suppressed by a factor cos Oh compared with those in the standard 
modelE 

Inclusion of quarks and leptons, particularly of top and bottom quarks, is crucial to have 
EW symmetry breaking. Medina, Shar, and Wagner (MSW) proposed an SO (5) x U(l)x 
gauge-Higgs unification model with top and bottom quarks in which the EW symmetry 
breaking is induced. [14J More recently Hosotani, Oda, Ohnuma and Sakamura (HOOS) 
have proposed a model with simpler matter content and many predictions. [T5] It has been 
shown there that V e ff(0n) is minimized at Oh = §7r and the Higgs mass is predicted around 

1 It has been discussed that the suppression occurs in a wider class of models. [55] 
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50 GeV. The LEP2 bound for the Higgs mass is evaded thanks to the vanishing ZZH 
coupling at 9 H = ~ir. 

The purpose of the present paper is two-fold. The Yukawa couplings of quarks to the 
4D Higgs field stem from gauge interactions in the extra-dimension. We first evaluate the 
4D Yukawa couplings in the HOOS model in the Kaluza-Klein approach by determining 
the wave functions of the Higgs field and quarks, inserting them into the five-dimensional 
action, and integrating over the extra-dimensional coordinate. Secondly we develop an 
effective interaction approach for the Higgs couplings to quarks. As the Higgs field is a 
fluctuation mode of Oh, the Yukawa couplings are related to the ^-dependence of the 
masses of quarks in this approach. We shall see that the Yukawa couplings in the HOOS 
model determined in these two approaches coincide with each other with high accuracy. 
This establishes the validity of the effective interactions at low energies, which enables us 
to deduce higher-order Higgs couplings such as H n tt by bypassing laborious procedure of 
summing over contributions of intermediate Kaluza-Klein (KK) excited states. 

We analyze the SO (5) x U(l)x model with top and bottom quarks specified in ref. [15], 
following the notation there. The model is defined in the Randall- Sundrum (RS) warped 
spacetime whose metric is given by 

ds 2 = ^{ri^dx fl dx u + ^r} W 

for 1 < z < zi. The bulk region 1 < z < Zl is an AdS spacetime with the cosmological con- 
stant A = —6k 2 , being sandwiched by the Planck brane at z — 1 and by the TeV brane at 
z = z^. The warp factor Zl is large, typically around 10 13 to 10 17 . The 5*0(5) x U(l)x gauge 
symmetry is broken to SO(4) x U(l)x by the orbifold boundary conditions at the Planck 
and TeV branes with the parity matrices given by P$ = P\ = diag(— 1, —1,-1,-1,1). The 
symmetry is further broken to SU(2)l x U(1)y by additional interactions at the Planck 
brane. 

The 4D Higgs field appears as a zero mode in the SO(5)/ SO(4) part of the fifth di- 
mensional component of the vector potential A*(x,z) (a = 1, • ■ ■ ,4), which is expanded 

as 



A & z (x,z) = <f) a {x)<p H (z) + ■ ■ ■ , <p H (z) 



(2) 



\l Hzl - 

An SO(A) vector <f) a forms an SU{2) L doublet $ H (xY = (l/v / 2)(0 2 + i(p l ,(f) A - # 3 ) cor- 
responding to the Higgs doublet in the standard model. Without loss of generality one 
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can assume (<f) a ) = v5 aA when the EW symmetry is spontaneously broken by the Hosotani 
mechanism. Let us denote the generators of SO(5) / SO(4) by T a (a = 1, • • • ,4). In the 
vectorial representation (T A ) ab = (i/v / 2)(^a5^64 — ^4^5), whereas in the spinorial represen- 
tation T l = (l/2y/2)I 2 <8> n. The Wilson line phase H is given by exp{|^(2 v / 2T 1 )} = 
exp{igA f* L dz(A z )} so that 

1 gvnVkl 

H = t:9av\ -\ — . 3 

2 V k 2 m K K 

Here the 5*0(5) gauge coupling constant g\ in five dimensions is related to the four- 
dimensional SU(2)l gauge coupling constant g by g — qaI VL where L = k" 1 \iizl is the 
size of the fifth dimension in the y (= A; _1 ln2;) coordinate. The Kaluza-Klein mass scale 
is given by m KK = nk(zL — ~ nkzj^ . The W boson mass is approximately given 
by mw ~ L zj j l \ sin6>#|. The value for Oh is dynamically determined such that the 
effective potential V eS (0 H ) is minimized. In the HOOS model H = ^n. With mw and 
zl given, k and ihkk are fixed. For zl = 10 13 to 10 17 , k ranges from 4.4 x 10 15 GeV to 
5.0 x 10 19 GeV, but tokk varies only from 1.38 TeV to 1.58 TeV. Physics predictions do not 
sensitively depend on the parameter zl in this range. 

The main focus in the present paper is given on fermions and their interactions. Let us 
consider fermion multiplets containing top and bottom quarks. In the bulk region 1 < z < 
z L two SO (5) vector multiplets, \l/ a (a = 1,2), are introduced with the action £buik lon = 
Yla=i l{^aV(c a )ty a + h.c.} where c a denotes the dimensionless bulk mass parameter. Each 
of ^ a 's consists of 5*0(4) vector and singlet components. The former is decomposed into 
two SU(2) L doublets with SU(2) R charges T 3 « = ±|; 




The subscript | or — | indicates the U(l)x charge Qx- The electric charge is given by 
Q E = T 3l + T 3r + Q x - The orbifold boundary condition is given by ^ a (x,yj — y) — 
PjT 5 fy a (x,yj + y) in the y coordinate with (2/0, 2/i) = (0,1/). This leads to zero modes 
in Q a L, q a L, t' R and b' R , where the subscripts L and R denote the left- and right-handed 
components in four dimensions, respectively. 



4 



In addition to the bulk fermions, three right-handed multiplets localized on the Planck 
brane, belonging to (§,0) representation of SU{2)l x SU(2)ji, are introduced; 




Xir = ( A I > X2R = I A ) , X3H = I w I • (5) 

-5/6 

Here the subscripts 7/6 etc. represent the ?7(l)x charges. The brane fermions Xai? have, 
besides gauge invariant kinetic terms on the Planck brane, mass terms with and Q a ^ 
given by 

C r a a s n s° = ~iS(y) { £ VaXlaQaL + ?l} + (h-C.) . (6) 

^ a=l J 

The four brane mass parameters, jx a and /t have dimensions of (mass) 1//2 . We suppose that 
Ha, ft? 3> )71kk- In this case the only relevant parameter for the spectrum at low energies 
turns out the ratio ft/ [i 2 ~ mb/mt- 

In ref. [15] the spectrum of various fields were determined in the twisted gauge achieved 
by a gauge transformation 



Q(z) =exp{t6(z)V2T i } , 6{z) = \Ar H • (7) 

Zt i 



(8) 



z' 

-L ~ 

In the twisted gauge Am = SIAmW — (i/g)CldM^ and the background field vanishes, 
(Am ) = 0, but the boundary conditions at z = get twisted from the original ones. 

The fields in the bulk satisfy the free equations in the linear approximation. The 
equations in the bulk for the fermion fields \l/ = z~ 2 Q ^ with the bulk mass parameter c 
simplify to 

where D±(c) = ±(d/dz) + (c/z). Various fields mix among themselves through the brane 
mass terms in ([6]) and the twisted boundary conditions caused by Q(z) in ([7]). The z- 
dependence of the solutions to (jHJ) is expressed in terms of the Bessel functions. The basis 
functions are given by 

(z; \,c) = ^—Xy^zzL F c _i c± i(\z, \z L ) , (9) 




S 



R 
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where F a ^(u, v) = J a (u)Yp(v) — Y a (u)Jp(v). They satisfy the relations Sl(z;X, — c) = 
—Sr(z; A, c) and CrCr — SlSr = 1. They also obey the boundary conditions that Cr = 
C L = 1, D_C R = D + C L = 0, S R = S L = and D_S R = D + S L = A at z = z L . Further D± 
links them by D + (C L , S L ) = X(S R , C R ) and D_(C H , S R ) = X(S L , C L ). 

In the Qem = § sector (the top sector) U, B, t, t', Ur and Br mix with each other. 
The top quark component t(x) in four dimensions is contained in these fields in the form 



/ 



U, 



\ 



(B L ±t L )/V2 

t'r 



u 



R 



(B R ±t R )/V2 



V 



t' 



(x, z) = \fk 



[x, z) = Vk 



R 



J 



I auC L (z; A,c 2 ) \ 

a B ±tC L (z; A,ci) 
\ a t >S L (z; A, c x ) ) 

/ a u S R (z;X,c 2 ) \ 

0'B±tSR{z] A, Ci) 

\ a t >C R (z; A,ci) / 



t L (x) 



t R (x) 



(10) 



The brane fermions are related to the bulk fermions by 



2 + 2 
Ur(x) = —U R (x, r) = —t R (x, V 

n 2 ^ 



b r (x) = —B R (x, r 

l 1 ! 



(11) 



as follows from the equations of motion. We note that Ur, tR and Br develop discontinuities 
at the Planck brane. The top quark mass is given by m t = kX. The coefficients a/s are 
common to both left- and right-handed components as a consequence of the equations of 
motion in the bulk (adl/R = kD + Ui etc.) with the normalization adtR(x) = rutt^x). 

The eigenvalue A and coefficients CLj S clXG determined from the boundary conditions. 
The details of the computations were given in ref. [15]. Let us denote sh = sin 9h, cr = 
Cx(l; A, Cj) etc. The coefficients satisfy SRdB-tC^ 



cos6 H , and 



cnat'S^ and 



K 



au 

Cj/dR-t 

C^CLB-t 



K 



XS 



(2) 
R 



1/^2 1 

2k 



■C 



(2) 
L 



2k 




/ i 2/ i ( ^(l) 

' 2k L 



XS^ 



2k 



C 



(i) 



S 



(i) 



A 4 



2S 



(i) 



2XS^ 



| A*i | 



-C 



(i) 

L 



(12) 
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zl = e kL 


A;(GeV) 


X(0 H = tt/2) 


c 


m KK (TeV) 


10 15 


4.70 x 10 17 


3.66 x 10- 16 


0.432 


1.48 


10 10 


3.83 x 10 12 


4.49 x 10" 11 


0.396 


1.20 



Table I: With the value of zl given, k, A, c\ = C2 = c are determined. Input parameters 
are the W boson mass mw/=80.40 GeV and the top quark mass m t =172 GeV 
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Figure 1: The ^-dependence of Xzl of the top quark for zl = 10 10 and zl 
top mass is given by m t = Xk. The plots fit well with KsinOn as in (1141) . 



10 15 . The 



where 
condition det K 
accuracy, by 



S« + {sl/2S L l) 



The top mass, or the eigenvalue A, is determined by the 
0. When \fij\ 2 , \jl\ 2 ^> wikk, the equation is approximated, to high 



N z cr<!4 1) + 



<? 2 



2S 



(i) 



+ |£l a cM> 



. 



(13) 



The first term in (fl3|) dominates over the second. With given zl, c\ is fixed so as to 
reproduce the observed m t ~ 172 GeV at ^ = \ix . See Table HI With these parameters 
fixed, the dependence of m t is determined numerically, which is depicted in Fig. [1] for 
Zl = 10 10 and 10 15 . The curves fit well with 

rriKK 



m t 



V2- 



7T 



4cf | sin 9 H | 



(14) 



with an error of 2.0% ~ 4.0%. The top mass m t = Xk vanishes at 6h = as the chiral 
symmetry is restored. The effective potential V^On) is evaluated from the dependence 
of the mass spectrum. It was found that the contribution from the top quark dominates 
over those from gauge fields and other fermions. V e g is minimized at 6h = i^ 71 "- 
To be definite, let us take //,-, ji > given by 



Mi 



10 10 GeV 



5.96 x 10 6 GeV , 



(15) 
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which, a posteriori, leads to the value mb/m t ~ 4.2/172 for c\ = c 2 . With the value A for 
the top quark, XS R /[(fil/2k)CL] in the matrix K in (TT2"j) . for instance, is O(10~ 15 ) so that 
the equation (fT2l) is well approximated by 



/H 2 cf we® 

\ 








2|/xi| 2 Ci 1} / 



(a B+t - c H l a B -t) /V2 ~ • 



(16) 



It follows that 



[ OB_ t , d[/, a t / ] 



- c H , 



shC? 



S 



(i) 



(17) 



The coefficient a B+t is determined so as to have canonical normalization for the kinetic 
term of ti(x). Note that A depends on 6 B - 

In the Qem — — § sector (the bottom sector) b, D, X, b', D R and X R mix with each 
other. As in the top sector, the bottom quark component b(x) in four dimensions appears 
as 

/ h \ 



(D L ±X L )/V2 



b', 



(D R ±X R )/V2 



b', 



(x, z) = Vk 



(x, z) = Vk 



R 



J 



I a b C L (z]\ci) \ 

aD±xC L (z; A,c 2 ) 
\ a b rS L (z;X,c 2 ) J 

( a b S R (z;\,cx) \ 

aD±xS R (z; A,c 2 ) 
\ a b >C R (z;X,c 2 ) ) 



b L (x) 



b R {x) . 



;is) 



The brane fermions are related to the bulk fermions by 

D R (x) = -^D R (x,l + ) = -^b R (x,l + ) , X R (x) = -^X R (x,r 
A*2 Z 1 A*3 



(19) 



The equation corresponding to f|T2|) is obtained by replacing (U,B,t) by (b,D,X) and 
interchanging (cj.,C2), (/ii, ^3) and (/i 2 ,/i). In the same approximation as in the top case 
the bottom mass and the coefficients ctj s circ found, for < Ci, c 2 < |, to be 



l + 2c 2 



l + 2ci 



// 



f'2 



v Cl-C 2 



m t 



and 



[ a _D+X ? O-D-X, a b' ] 



s 



(2) 



(20) 



(21) 



With the wave functions of the top and bottom quarks at hand, one can evaluate 
their Yukawa couplings in two manners. In the Kaluza-Klein approach we insert the 
wave functions into the five-dimensional Lagrangian density C^^ on + C^ass an d integrate 
over the fifth dimensional coordinate to obtain four-dimensional Lagrangian. The part 



k 1 Ylj=i (7<9)d=4 gives the four- dimensional kinetic terms for the top and bottom 
quarks. The part with the covariant derivative in the fifth coordinate 

2 

£ { - 1 ^)l{D-{c 3 ) + ig A A z )V jR + ity R (D + ( Cj ) - ig A A z )* jL } (22) 

generates both the masses and Yukawa couplings of the top and bottom quarks. The 4D 
Higgs field is contained in the gauge potential A z . The vev v of 4 (x) in (j2J) is related to 
Oh by (j3J) and its fluctuation around v corresponds to the neutral Higgs field H(x). Hence 
the relevant part of the gauge potential is expressed as 

2^2z 



A s (x, z) = 9 H (x) ■ - T + ■■■ (23) 

z T l 



in the original gauge where 




o ( \ a H ^ f 2 / k _2m KK 
0h{x)=9 h + — — , } H = — 1/-= 7= . (24) 



fn 9a V zi - 1 y/kL Kg 



In the twisted gauge defined in (JTj), A c z = (A z ) vanishes, A z (x,z) being expanded as in 
(123|) with § H replaced by H(x)/f H . 

The Yukawa coupling originates from g A {9 l A z ^r + ^/ r A z ^l) or gA^ L A z ^ r + 
^ r A z ^l), whereas the mass term comes from — iW L (D_ + igAA c z )^R + iW R (D + — 
igAA c z )^L in the original gauge or — i& L D-ty jR + i^- R D + ^fjL in the twisted gauge. 
The terms involving D± are important. With the wave function in (jSJ), ffTUj) and ffl8|) 



inserted, ipn {z)^ L T A ^> jR (<ph{z)^\rT ^> ji) has different ^-dependence from ^ L D^jR 
(j&j R D + tyjL). After the integration over z, the Yukawa coupling is not proportional to 
the fermion mass in the RS spacetime. We also recall that a large gauge transformation 
generates Oh —* Oh + 27r so that the mass spectrum remains invariant under the shift 
Oh — > Oh + 27r, or equivalently under H{x) — > H(x) + l-njn- The mass is a periodic, non- 
linear function of Oh- (There is no level-crossing in the RS spacetime.) The nonlinearity 
in the relation between the Yukawa coupling and mass is confirmed by direct evaluation 
described below. 
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Let us define the normalized coefficients dj ' by 

(o'ff.fl^flf) = {\f^ L ^u,4^ L a B ±u^ L a tl ) , 

{a'*, a'i ±t , af) = (0vg a v , ^/ivg a B±t , ^/ivg a,) , (25) 

where N$ = f* L dzCi(z; A,Cj) 2 etc.. Then the free part of the Lagrangian for the top 
quark is found to be 

4ee ~ -P L it\vdt L + P R it R adt R + \k PL+ 2 PR (it{t R - it R t L ) , 

D I 'L,R\2 , I iL,R\2 , I >L,R\2 , | iL,R\2 (nr\ 

The contributions coming from the brane mass term ^masT turn out O(10~ 15 ) smaller than 
Pi and P R , and can be ignored. 

Recall that D_S R = XCl and D + Cl = XS R , from which it follows that N Cl = N Sr + 
X' l S R C L \ z=1 . Hence 

Pl = Pr + {{S^C^M 2 + S«<7« (|a B+t | 2 + |a^| 2 ) + S^kf} 

-p R + - x \a B+t \ c L \s R +^ + j^^r} 

= Pr ■ (27) 

The relations f|T7|) and ClCr — SlSr = 1 have been used in the second equality. The last 
equality follows from the relation ([13]) determining the mass spectrum. Let us adopt the 
normalization Pl = P R = 1 with which the top mass appears as Xk in fl26|) as it should. 
The coefficients a'^ and a'^ represent how much portion of each field contains the left- and 
right-handed top quark, respectively. 

Similarly the normalized coefficients a^' , a!y' R are determined. The numerical 

values are tabulated in Table HT1 The numerical values for the dominant terms (a^ ±( , o!^' R , 
a'^, a'^ ±x , and a£r ) do not vary very much with zl in the range 10 10 to 10 15 . In the Oh = 
limit, the four-dimensional ti,{x) and t R (x) are mostly contained in the five-dimensional 
t and t', respectively. At Oh = §7r, t^x) resides in the (B + t)/y2 and t' components, 
whereas t R (x) remains in t' . The four-dimensional bi(x) and b R (x) are mostly contained, 
for any value of Oh, in the five-dimensional b and b f , respectively. 
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0H = O 


Oh=\* 






a'* 


2.9 x 10" 


10 


0.024 


5.1 x 10- 5 


3.0 x 10- 10 


0.025 


0.0017 




a' L 

a B+t 


iR 
a B+t 


1.2 x 10 


-8 


0.71 


0.0015 


1.2 x 10- 8 


0.73 


0.050 


a-B-t 






-1.2 x 10 


-8 


-0.71 


-0.0015 











a t > 


4 




4.3 x 10 


-8 


0.021 


1.0 


4.4 x 10" 8 


0.69 


1.0 


a b 




< 


1.2 x 10 


-8 


1.0 


5.1 x 10- 5 


1.2 x 10- 8 


1.0 


0.0016 


&D+X 


n' L 

a D+X 


fR 
a D+X 


2.9 x 10 _ 


10 


0.017 


8.8 x 10- 7 


2.9 x 10- 10 


0.017 2.1 


J x 10- 5 


Q>D-X 


n' L 
a D-X 


n iR 
a D-X 


-2.9 x 10- 


10 


-0.017 


-8.8 x 10- 7 











ay 


< 


n /R 
a b> 


4.3 x 10- 


8 


0.00051 


1.0 


4.3 x 10" 8 


0.016 


1.0 



Table II: The coefficients ( 125]) of the wave functions of the top and bottom quarks at 9h = 
and |7r, evaluated for c\ = ci = 0.43, zl = 10 15 , and fij,fi in ffl5|) . 



The Yukawa couplings are evaluated in the same manner. Inserting A\ = H(x)iph{z) 
and the wave functions (fTUI) into (|22|) in the twisted gauge, one finds, for the top quark, 



v/det^ C Y = - l -g A H^ H {z){t' ] R {i L - B L ) + t'[(t R - B R ) - (h.c.)} 



'-^9Ak a t ,a B -t (f H {z)H(x){t R t L (x) -t[t R {x)} . 



(2? 



The overall phase of the a/s has been taken to be real. By making use of (TlTI) and 
integrating over z, the 4D Yukawa coupling constant in £ Y ukawa = iyH(t\t R — t R ti) is 
found to be 



g \/kL(z 2 L - 1) s H c H C 



(i) 



2 Cl 2 



2 / r< 

H / °L 



(1) 



m 2 



\C 



C 



(i) 



t(2) 



(29) 



Note that sn/Ng^ remains finite in the sh — > limit. The ^^-dependence of u{9h) for the 
top quark is depicted in fig. [2j which is well approximated by the cosine curve. It is seen 
that y vanishes at 9 R = §7T- The result for the bottom quark is similar to that for the top 
quark, with a magnitude scaled down by a factor mb/mt. 

So far we have evaluated the masses and Yukawa couplings of the top and bottom 
quarks in the Kaluza-Klein approach. One can develop an effective interaction approach 
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0.6 

0.4 
0.2 

■0.2 
■0.4 
■0.6 
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1.0 1.5\ 2.0 2.5 



Figure 2: The (9#-dependence of the Yukawa coupling for the top quark for zl = 10 15 . The 
curve is well approximated by a cosine curve. The curve has little dependence on Zj_,. 

[T2l [TBI 138] to concisely summarize the results. It enables us for deducing the Higgs 
couplings in higher order as well. 

In the original gauge Oh and H(x) always appear in the combination §h{x) in (jMD - 
Therefore the effective local interactions at low energies, which manifest significant devia- 
tion from the standard model, can be written in the form 



C 



cff 



-v eS (o H ) - m w {e H ) 2 wlw» - \m z {e H fz^ 



f 



(30) 



The key feature is that Oh is a phase variable so that £ e g is periodic in Oh with a period 
27T. The first term is the effective potential for 6h- As shown in ref. [6], V e e is finite and the 
value of 9h is unambiguously determined by the location of its global minimum. The Higgs 
mass m H} given by m H = V^g (Oh)/ fn> ^ s predicted to be finite. m w (0 H ) and m z (0 H ) in 
the 5*0(5) x U(l)x model in the RS spacetime has been evaluated in refs. [U)l fTT] ; 



m w (0 H ) ~ cos w m z (0 H ) ~ \gf H sn\0 H 



(31) 



where m w = itiw(0h), fn z = iti z (0h), and 0\y is the Weinberg angle. Expanding m w (0H) 2 
and m z {pH) 2 in (!30j) in a power series in H, one finds that WWH and ZZH couplings 
are suppressed by a factor cos Oh compared with those in the standard model. For the 
WWHH and ZZHH couplings the suppression factor becomes cos 20 h- As demonstrated 
by Sakamura, it includes the contributions of the KK towers of W and Z in the intermediate 
states. [13] The effective interactions contain contributions coming from heavy KK excited 
states. 
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We apply the same argument to the last term in (|30|) . In this approach the Yukawa 
coupling UfHij) fipf is related to the mass by 

1 dm f (6 H ) 

yf{0H) - - f — -77. — • (32) 

The top quark mass m t (0#) is determined from ([TBI as a function of Oh- Its derivative 
dmt(9 H )/d9 H is compared with the Yukawa coupling yt{0n) in (1291) determined in the 
Kaluza-Klein approach. We have numerically confirmed that the equality (I3"2"j) between 
the two holds with an error less than 0.3% in the entire region of Oh, which establishes 
the validity and usefulness of the effective interaction approach. As is seen in fig. [I], 
the mass m^On) reaches the maximum at 6h = |vr. The relation (I3"2"j) implies that the 
Yukawa coupling yt{0H) vanishes there, which, independently, is shown in the Kaluza-Klein 
approach as well. In the effective interaction approach the HHip fipf coupling, is given by 



in 



] f (Oh)/ fir- In the HOOS model rrifipH) ~ Kf sin Oh and Oh = \k. Although the Yukawa 
coupling yf vanishes, the HHip fipf coupling is nonvanishing (~ ~ m f / fn)- The KK excited 
states of ijjf contribute in the intermediate states for the HHip jtpf coupling. 

In this paper we have given detailed analysis of the Yukawa couplings in the SO(5) x 
£7(1) gauge-Higgs unification model, particularly in the HOOS modelpj)]. We have deter- 
mined the wave functions of the top and bottom quarks in the extra-dimensional space, 
with which the Yukawa couplings are evaluated numerically in the Kaluza-Klein approach. 
We have also shown that all the results are concisely cast in the form of the effective 
interactions. 

The phenomenological implication is significant. In the gauge-Higgs unification scenario 
the large deviation from the standard model of electroweak interactions appears in the 
Higgs couplings. All of the WWH, ZZH, and Yukawa couplings are suppressed by a factor 
cosOh, which can be checked in the forthcoming experiments at LHC In the HOOS model, 
in particular, Oh = §7r is dynamically realized, leading to completely new phenomenology. 
The Higgs particle becomes stable in the low energy effective theory at the tree level. It 
is interesting to see whether or not the Higgs particle can decay at all through heavy KK 
excited states. We will come back on this issue in a separate paper in more detail. 
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